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Carbon nanotubes currently attract intense 
attention for various biomedical applications due to 
their large surface areas, high electrical conductivity, 
and excellent strength. However, these attractive 
properties of nanomaterials are also the main factors 
for their potential toxicity. The present study was 
undertaken to determine the toxicity exhibited by multi-
walled carbon nanotubes (MWCNT) in A549 lung 
epithelial cells. Treatment with increasing doses of 
MWCNT decreased the cell viability. The glutathione 
concentration decreased and intracellular reactive 
oxygen species (ROS) increased in a dose- and time-
dependent manner, suggesting that the cytotoxicity on 
A549 cells was due to oxidative stress. Expression of 
heme oxygenase (HO)-1, a redox regulator and heat 
shock protein, increased with dose after MWCNT 
treatment. Pretreated with zinc protoporphyrin IX 
(ZnPP IX), a competitive HO inhibitor, underwent cell 
viability decrease and ROS accumulation increase to a 
greater extent than cells with MWCNT treatment 
alone, but these effects were reversed by co-treatment 
with bilirubin, a product of HO catalysis. Taken 
together, these findings suggest that MWCNT induce 
oxidative stress and HO-1 expression in A549 cells, 
and HO-1 induction may confer a cellular adaptive 
response against MWCNT-induced cytotoxicity. 
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Carbon nanomaterials have been one of the most 
extensively used nanoparticles because of their unique 
and superior properties, including large surface areas, 
high electrical conductivity, and excellent strength. 
However, these attractive properties of nanomaterials 
are also the main factors for their potential toxicity [1].  
More recent studies have begun to indicate some 
adverse effects from carbon nanomaterials exposure. 
For example, multi-walled carbon nanotubes 
(MWCNT) induced the formation of alveolies and 
collagen-rich granuloma, and stimulated the production 
of tumor necrosis factor-alpha (TNF-α) both in vivo 
and in vitro [2]. Monteiro-Riviere et al. [3] recently 
documented that MWCNT were able to initiate an 
irritation response in human epidermal keratinocytes 
(HEKs) and enter into cells. In a separate study, HEKs 
exposed to MWCNT showed decrease in cell viability 
and the elevated levels of the proinflammatory 
cytokines interleukin-8 (IL-8) and IL-1β, indicating 
that MWCNT can initiate an inflammatory response in 
HEKs [4]. From a mechanistic perspective, oxidative 
stress is the best developed paradigm to explain the 
toxic effects of these nanoparticles [5].  
Heme oxygenase-1 (HO-1) is an important 
cytoprotective enzyme and widely accepted marker of 
oxidative stress. HO-1 is induced by a variety of agents 
that cause oxidative stress and/or in response to 
environmental stress [6]. Once induced, HO-1 provides 
protection against multiple types of tissue injury. 
Specific to the lung, overexpression of HO-1 in lung 
epithelial cells has been shown to protect against 
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oxygen toxicity [6]. HO-1 is thought to play a key role 
in maintaining antioxidant and oxidant homeostasis 
when cellular injury occurs. 
In the present study, we investigated whether 
MWCNT could induce oxidative stress and HO-1 
expression in A549 cells. We further examined 
whether HO-1 protect against MWCNT-induced 
cytotoxicity. 
 




RPMI 1640 medium, fetal bovine serums (FBS) and 
2′, 7′-dichlorofluorescein diacetate (DCFH-DA) were 
purchased from Invitrogen (Carlsbad, CA, USA). Anti-
HO-1 monoclonal antibody was purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). All other 
chemicals and reagents were of the highest grade 
available. Fully characterized MWCNT, obtained from 
Chengdu Organic Chemicals Co., Ltd, Chinese 
Academy of Sciences (Chengdu, China), were 
manufactured using a chemical vapor deposition (CVD) 
system, as described previously [7]. In this study, 
particle suspensions were prepare freshly in the 
complete culture medium and sonicated for 5 min as 
described earlier [8]. 
 
2.2 Cell culture and treatments  
 
Human lung carcinoma epithelial cell line (A549) 
obtained from ATCC was cultured in RPMI 1640 
medium supplemented with 10% FBS and 100 IU/ml 
penicillin and 100 µg/ml streptomycin at 37 oC in 
humidified incubator of 5% CO2/95% air. After 24 h 
attachment, the particles suspensions were diluted to 
appropriate concentrations and immediately applied to 
cells.  
 
2.3 Measurement of cell viability 
 
The effect of MWCNT on A549 cells was evaluated 
by MTT assay [9] with minor modification. Briefly, 
A549 (5000 cells/well) were cultured in 96-well plate 
and incubated with different concentrations of 
MWCNT for 72 h at 37 oC. Then, MTT at final 
concentration (1 mg/ml) was added to each well and 
incubated for 4 h. The supernatant was gently 
aspirated, and 150 ml dimethyl sulfoxide was added to 
each well to solubilize the formazan crystals. The 
product was quantified by measuring absorbance at 
570 nm. 
 
2.4 Heme oxygenase activity assay  
 
HO activity was determined using a method 
described previously [10]. Briefly, microsomes from 
harvested cells were added to a reaction mixture 
containing NADPH, MgCl2, glucose-6-phosphate, 
glucose-6- phosphate dehydrogenase, rat liver cytosol 
as a source of biliverdin reductase, and the substrate 
hemin. The reaction mixture was incubated in the dark 
at 37 oC for 1 h and was terminated by the addition of 
1 ml of chloroform. The extracted bilirubin was 
measured by the difference in absorbance between 
464 and 530 nm (  = 40 mM-1· cm-1).  
 
2.5 Western blot analysis 
  
Samples of cells were analysed by the western 
immunoblotting technique as described previously 
[10]. Briefly, 30 µg of protein was separated by SDS-
PAGE, transferred to polyvinylidene difluoride 
(PVDF) membranes (Millipore, USA) and blocked 
with blocking buffer (0.1% Tween-20 in Tris-buffered 
saline, pH7.4, containing 5% non-fat dried milk). 
Membranes were then probed with anti-HO-1 antibody 
followed by washing with TBS containing 0.1% (v/v) 
Tween-20. Blots were visualized using an amplified 
alkaline phosphatase kit from Sigma (Extra-3A). 
 
2.6 ROS measurement  
 
ROS production was detected as previously 
described [9]. Briefly, cells were grown on coverslips 
for 48 h and then exposed to MWCNT. After 
treatment, cells were incubated with 10 µM DCFH-DA 
at 37 oC for 30 min followed by rinsing with PBS 
thrice. Then the cells were viewed immediately under a 
confocal laser scanning microscope (FV-1000, 
Olympus), at excitation and emission of wavelength 
485/525 nm respectively, and expressed as 
fluorescence unites. 
 
2.7 Determination of glutathione level 
 
Cellular glutathione (GSH) content was measured 
by glutathione assay kit (Sigma) according to 
manufacturer’s instruction. After treatment, the cells 
were scraped and homogenized in PBS and 
deproteinized with 5% 5-sulfosalicylic acid and 
centrifuged to remove protein precipitate. The 
supernatant was treated with 5, 5’-dithiobis (2-
nitrobenzoce acid) (DTNB). GSH reduce DTNB to 
TNB and oxidized to GSSG. Oxidized GSSG present 
in cells react with added NADPH to give GSH, which 
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later also reacts with DTNB to give TNB. The total 
TNB formed is measured by absorbance at 412 nm. 
 
2.8 Statistics.  
 
All the experiments were performed at least in 
triplicate. The date are presented as mean ± SD. 
Statistical significance was determined using the 




3.1 Effect of MWCNT on A549 cells viability 
 
The cell viability decreased with increase in the 
concentration of MWCNT (12.5-400 µg/ml) by 72 h, 
compared to control cells. Only 45% of cells found to 
be viable at the concentration of 200 µg/ml of 
MWCNT (Fig. 1). Two doses (50 and 200 µg/ml) were 
chosen for the later experiments because cells had 
distinct levels of viability at these concentrations. 
 
 
3.2 MWCNT increases ROS in A549 cells 
 
A549 cells were exposed to MWCNT at 50 and 200 
µg/ml dose levels. Within 6 h, MWCNT (50 and 200 
µg/ml) significantly increased fluorescence by 1.5- and 
2.2-fold, followed by an increase to 3.5-fold and 4.4-
fold at 12 h exposure, compared to the control (Fig. 
2A). The results showed a dose- and time-dependent 
increased in fluorescence intensity thereby indicating 
generation of ROS by MWCNT in A549 cells. 
 
3.3 MWCNT depletes GSH in A549 cells 
 
In the present study, MWCNT treatment caused a 
significant decrease in GSH content in A549 cells at 
200 µg/ml concentration. In the presence of 50 and 200 
µg/ml MWCNT, GSH decreased by 20 ± 3.5%, 37 ± 
4.2% at 6 h and 35 ± 4.7%, 52 ± 5.2% at 12 h, 
respectively (Fig. 2B), compared to the control, 
demonstrating MWCNT depleted GSH content in 
A549 cells in a dose- and time-dependent manner. 
 
3.4 Effect of MWCNT on HO activity and HO-
1 expression in A549 cells 
 
Fig. 3A showed significant (2 to 3-fold) dose-
dependent increases in HO enzyme activity in A549 
cells after exposure to MWCNT (50-200 µg/ml) for 12 
h compared to the control (P < 0.01). Western blot 
analysis using anti-HO-1 antibody was employed to 
detect the HO-1 protein expression. As showed in Fig. 
3B, exposure to MWCNT for 12 h increased HO-1 




Figure 2. Effect of MWCNT on oxidative stress 
and intracellular GSH levels. (A) Time- and dose- 
dependent ROS accumulation. (B) Time- and 
dose-dependent glutathione depletion. Data are 
mean ± SD of three trials. ** P < 0.01 vs. control. 
Figure 1. Effect of MWCNT on cell viability.
Cell viability was determined with MTT assay. 
Data are mean ± SD from three trials. 
1550626
Figure 4. Effect of ZnPP IX and bilirubin on 
MWCNT-treated cells. (A) Cells were exposed 
to MWCNT with ZnPP IX (2 µM) for 72 h in 
the presence or absence of 50 nM bilirubin. (B) 
ROS production in cells exposed to MWCNT 
and 2 µM ZnPP IX in the present or absence of 
50 nM bilirubin and treated with DCFH-DA. 
Data are mean ± SD from three trials. *P < 
0.05, **P < 0.01 between MWCNT and 
MWCNT + ZnPP IX; # P < 0.05, ## P < 0.01 
between MWCNT + ZnPP IX and MWCNT + 
ZnPP IX + Bilirubin. 
3.5 HO-1 Protects A549 cells against MWCNT  
 
To verify whether HO protects A549 cells from 
MWCNT-induced oxidative stress, we used HO 
inhibitor (ZnPP IX) and HO catalytic product 
(bilirubin). ZnPP IX alone at concentration of 2 µM 
was found no toxicity in A549 cells. Addition of 2 µM 
ZnPP IX to MWCNT increased cells death and ROS 
accumulation (Fig. 4A, B), compared to MWCNT 
alone. Bilirubin (50 nM) significantly reduced the 
ZnPP IX-mediated increase in cell viability and ROS 




In the present study, our results demonstrate that 
MWCNT induces oxidative stress in A549 cells as 
measured by the ROS, HO-1, and glutathione assays. 
The present results are in accordance with the 
observation that CNT stimulated and induced the 
production of ROS in human keratinocyte cells [9].  
ROS generation by MWCNT was detected in 
human lung epithelial cells by using the fluorescent 
dyes, DCFH-DA. In   the   presence   of   a H2O2     and 
hydroxyl (OH-) radicals, DCFH are oxidatively 
modified into a highly fluorescent derivative DCF.  
Cells treated with 50 and 200 µg/ml, intracellular ROS 
increased and GSH levels decreased in a dose- and 
time-dependent manner. Overproduction of ROS is 
known to induce signals that lead to cell death. The 
present result correlates well with the observation of 
increased ROS and loss of cell viability. These results 
are in accordance with other reports that demonstrated 






Figure 3. Enzyme activity and protein levels in 
MWCNT-treated A549 cells. (A) HO enzyme 
activity in MWCNT treated A549 cells. Data 
are mean ± SD from three trials. *P < 0.05. ** 
P < 0.01 vs. control. (B) Western blot analysis 
of HO-1 expression. 
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apoptosis or necrosis however the precise mechanism 
yet to be worked out [11]. It is possible, therefore, that 
MWCNT exerts its cytotoxicity on the A549 cells via 
the oxidative pathway.  
According to the hierarchical oxidative stress 
hypothesis, cells respond to even minimal levels of 
oxidative stress with a protective antioxidant response 
[5]. This pathway is dependent on transcriptional 
activation of phase II gene promoters by the 
transcription factor, Nrf2. HO-1 is a prime example of 
a phase II enzyme that mediates antioxidant, anti-
inflammatory, and cytoprotective effects and is useful 
as a marker for particle-induced oxidative stress [5]. 
The finding of a significant correlation between heme 
oxygenase activity, oxidative stress, and GSH 
depletion provides further evidence for the role of ROS 
generation in MWCNT-induced cytotoxicity on A549 
cells. 
Accumulating evidence suggests that upregulation 
of HO-1 expression and subsequent increase in the HO 
activity may confer adaptive survival response to 
oxidative insults both in vitro and in vivo [12]. The 
results from our present study indicate that A549 cells 
treated with ZnPP IX to inhibit the HO protein 
expression underwent cell viability decrease and ROS 
accumulation increase to a greater extent than control 
cells with MWCNT treatment alone, confirming the 
protective role of HO in MWCNT-induced cytotoxicity 
on human lung epithelial cells. Thus, induction of HO-
1 expression and maintenance of its elevated catalytic 
activity seem to be critical in protecting A549 cells 
against the oxidative stress induced by MWCNT. 
Furthermore, cells co-treated with MWCNT and ZnPP 
IX in the presence of bilirubin, an end product of heme 
catabolism and probably the best-known endogenous 
antioxidant in mammals, increase cell survival and 
decrease ROS accumulation. It implicates that 
endogenous antioxidant system in A549 cells, 
including HO, has an ability to prevent lung epithelial 
cells against MWCNT-induced oxidative stress.  
In summary, this study shows that MWCNs induce 
oxidative stress and HO-1 expression in A549 cells, 
and HO has a protective role in human lung epithelial 
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